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Abstract
Segregation of solute atoms to dislocations occurs due to the elastic interaction with the
hydrostatic stress of edge dislocations and also due to the dislocation core-solute interaction.
The characteristics of the local segregation at dislocations, Cottrell atmosphere, at low
temperature and low concentration have not been investigated until the phase transformation
of the deformed PdH0.0008 was recently observed at low temperature. The purpose of this
study was to investigate the phase behavior of the trapped solute influenced by the distorted
dislocation environment.
The phase behavior of the Cottrell atmosphere in deformed Pd was investigated as a func-
tion of temperature by incoherent inelastic neutron scattering (IINS) and small angle neu-
tron scattering (SANS) measurements. The IINS measurements of the deformed PdH0.00134
presented the characteristic vibrational density-of-states (VDOS) of hydrogen trapped at
dislocation, while the spatial profile of the trapped hydrogen in the deform PdH0.00134 was
determined by the SANS measurements.
The VDOS of hydrogen in the deformed PdH0.00134 was obtained at 4, 100, 200, and 295 K
by the IINS measurements. The VDOS at 4 K exhibited the primary peak of approximately
57 meV associated with hydrogen-rich β-Pd hydride phase. The characteristic peak of the
VDOS at 295 K corresponded to dilute solid-solution α-Pd hydride phase, appearing at
approximately 68 meV. Coexistence of the beta-phase and the alpha-phase was observed at
100 and 200 K. This suggests that hydrogen trapped at dislocations undergoes the phase
transformation upon temperature change from 295 to 4 K in the deformed PdH0.00134.
The spatial characterization of the Cottrell atmosphere was performed by the SANS
ii
measurements at 15, 100, and 200 K. The cylindrical geometry with the radius of 9 and
the length of 50 was obtained and the dislocation density was 1.2×10−11 cm−2. Based
on the spatial profile, the local concentration of the trapped hydrogen was estimated as
approximately 0.2 [H]/[Pd] even at 200 K, which exceeds the dilute solid-solution regime
(∼0.01 [H]/[Pd] at room temperature). Correlation between the local concentration and the
phase behavior verified the condensation of the hydrogen-rich phase along the dislocations.
Given such low hydrogen concentration in the heavily deformed Pd, this behavior is
representative of hydrogen trapped at dislocations at low temperature. Correlating the
spatial and the vibrational characterization of the Cottrell atmosphere demonstrated the
phase behavior of the trapped solute interacting with dislocations at the distorted dislocation
environment.
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Chapter 1
Introduction
Segregation of solute atoms at dislocations has been generally accepted and attributed to the
elastic interaction between the strain field around solute atoms and the hydrostatic stress
field of dislocations since introduced as “Cottrell cloud”, the local segregation at dislocations,
by Cottrell [1]. The concentration of the solute atoms segregated at dislocations in a dilute
atmosphere was evaluated using Maxwell-Boltzmann distribution [2]. Later, it was extended
to the region close to the dislocation with Fermi-Dirac distribution : solute atoms segregated
near the stress field of a dislocation follow Fermi-Dirac statistics [3,4]. The temperature effect
on Cottrell cloud was also studied by investigating temperature dependence of the yield stress
in comparison with the experimental data [3,4].
The presence of the solute atoms segregated at dislocations generally results in a pinning
force on the dislocations as hard spots and increases the yield stress of the host material
[5-8]. Besides the normal solution hardening effect, undesired softening effects were reported
and widely investigated, explained as the depinning transition of individual dislocations [9-
11]. Among the solute-dislocation interactions, hydrogen effect on mechanical properties has
been of great interest ; hydrogen accumulation at precipitates and second-phase particles
leads to dislocation generation or nucleation and growth of a crack [12-14], formation and
fracture of a brittle hydride phase [15], and enhancement of the dislocation mobility induced
by hydrogen [16-22].
Palladium has been specifically selected to study the hydrogen-metal systems due to the
strong catalysis and the hydrogen solubility and permeability of Pd. The strong catalytic
surface promotes hydrogen molecules to readily be broken down into atoms and permeate
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(a) (b)
Figure 1.1: (a) Phase diagram of Pd-H(D) system and (b) Low-temperature portion of the
phase diagram showing the solid solution α, the disordered hydride phase α′ ,and the two
ordered phases β (I41/amd) and γ (I4/m) [24]
into Pd matrices. The phase diagram of Pd-H system is shown in Fig. 1.1 and consists of
the following ; a low concentration interstitial solid solution (α), a high concentration non-
stoichiometric disordered hydride phase (α′) up to PdH0.63, and non-stoichiometric ordered
phase (β) below ∼53 K [23]. The other nearly stoichiometric ordered phase (γ) extending
to PdH0.85 below ∼90 K is shown in the low-temperature portion of the phase diagram
[24]. Fig. 1.2 presents a typical isotherm of Pd-H system measured with a fully annealed
Pd foil at the room temperature, showing characteristic hysteresis of metal hydrides. The
hysteresis is attributed to the difference in the energy requirement during hydride formation
and decomposition [25]. A plateau in the isotherm indicates that two hydride phases coexist
in this region. Cycling across the two-phase region, miscibility gap, between α and α′ phases
by loading and outgassing hydrogen is known to create significant amount of dislocation
density during the phase transformation [26-28].
The hydrogen-dislocation trapping interaction in deformed Pd has been investigated [28-
37]. These works were focused on the dilute phase (concentrations of order 10−3 to 10−2)
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Figure 1.2: Isotherm of a fully annealed Pd foil during cycling across the miscibility gap
between α and α′ phases at the room temperature
close to the terminal solubility of the α phase at the room temperature. On the other hand,
the hydrogen-rich phases (α′ and β phases) has been widely studied, investigating the lattice
vibrations in the Pd hydride with inelastic neutron scattering (INS) techniques [38-48]. Yet
the the characteristics of the hydrogen trapping interaction with dislocations at low temper-
ature and low concentration have not been investigated until the primary peak shift in the
vibrational density-of-states(VDOS) was observed in deformed PdH0.0008 upon cooling from
295 K to 4 K [49]. The phase behavior at Cottrell atmosphere of dislocation was investigated
at low temperature and low concentration for the first time. The distorted environment of
dislocations influences this low temperature phase behavior [49]. Exploration of the phase
behavior at low temperature and low concentration, however, has not been fully performed
as the temperature changes. The study presented here is aimed to investigate the influence
of the distorted environment nearby dislocations on low temperature phase behavior of low
concentration Pd-H system. Small-angle neutron scattering (SANS) and incoherent inelastic
3
neutron scattering (IINS) techniques are employed to investigate the phase behavior. SANS
is sensitive to the length scales of approximately 10 to 2000 Å with spatial density deviation
and thus is exactly suitable to characterize the spatial profile of the distorted environment
associated with hydrogen-dislocation interaction. Due to excessively large incoherent scat-
tering cross section of hydrogen, INS technique is a suitable tool to study the dynamics of
hydrogen atoms in metal and it provides the characteristic VDOS spectra associated with
the hydrides phase behavior. The quantification of the spatial extent of the Cottrell atmo-
sphere from SANS allows to estimate the local concentration of the trapping region. Along
with experimental approaches by SANS and IINS measurements, computational works re-
lated to the hydrogen-dislocation interaction and the VDOS calculation are performed, using
density-of-functional theory (DFT). Therefore, correlation between the spatial and the vi-
brational characterization, combined with theoretical research, will reveal the influence of
the distorted environment on low temperature phase behavior.
4
Chapter 2
Background
2.1 Statistical Thermodynamic Description of
Hydrogen Trapping at Dislocations
In 1949, Cottrell showed that solute atoms segregate at dislocations due to the elastic inter-
action between the strain field around a solute atom and the stress field of a dislocation [2,
50]. In Pd-H(D) system, hydrogen atoms interact with the hydrostatic stress associated with
the dislocations and the concentration of H(D) near a dislocation is described by Fermi-Dirac
distribution [51],
C (r, θ)
1− C (r, θ)
=
C0
1− C0
exp
(
−σhv
kBT
)
(2.1)
where C (r, θ) and C0 are the hydrogen concentrations, respectively, in the dislocation field
and remote from the dislocation, σh is the hydrostatic stress, v is the internal volume expan-
sion of hydrogen, kB is Boltzmann’s constant, and T is the temperature in degrees Kelvin.
The volume expansion, v, is related to the partial molar volume of hydrogen, VH [51]
v = VH
(
1 + ν
1− ν
)
1
3NA
(2.2)
where ν is Poisson’s ratio for the metal and NA is Avogadro’s number. According to the
linear isotropic elasticity theory for an edge dislocation, the hydrostatic stress σh is given by
[52]
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Figure 2.1: Schematic diagram of edge dislocation with polar coordinate [64]
σh = −
1
3
(σrr + σθθ + σzz) =
µbe
3pi
(
1 + ν
1− ν
)
sinθ
r
(2.3)
where σii are the normal components of the edge dislocation stress filed, µ is shear modulus,
be is the edge component of the Burgers vector, θ is the angle between glide plane and point
of interest, r is the distance of the interstitial site from the dislocation as defined in Fig. 2.1.
The excess amount of hydrogen atoms trapped in the strain field per unit length of
dislocation, N/L, is given by the following expression [52] ,
N
L
=
Rmax∫
Rmin
rdr
2pi∫
0
dθ [C (r, θ)− C0] (2.4)
where Rmin and Rmax are the inner and outer cutoff radius of Cottrell atmosphere. The
typical value of Rmin is set to one Burgers vector [52], whereas Rmax is usually set to one
half of the average dislocation separation. The outer cutoff radii were observed to extent to
more than a few Burgers vectors (> 11 Å) [36]. With the Fermi-Dirac approximation of Eq.
6
2.1, Eq. 2.4 becomes
N
L
=
Rmax∫
Rmin
rdr
2pi∫
0
dθ
[
ξ + 1
ξ + eσhv/kT
− 1
]
(2.5)
where ξ = C0
1−C0
. The core contribution of hydrogen atoms is not considered in Eq. 2.5.
Strong hydrogen trapping at dislocation cores was observed, as hydrogen-core binding energy
is −0.19 eV , and considered as hydride formation [34]. With the fraction of hydrogen site
occupation in a cylindrical hydride phase, α, radius Rmin and the octahedral site density of
Pd, Nsite, the core contribution to the excess hydrogen can be estimated by [53],
(
N
L
)
core
= αpiR2minNsite (2.6)
Screw and edge dislocation core trapping are not distinguished in Eq. 2.6.
2.2 Inelastic Neutron Scattering
The phonon dispersion relation reveals the collection of all possible energies (~ω) and mo-
menta (K) due to the periodicity of crystals. Given p atoms in a primitive cell, there are
3p branches to the dispersion relation : 3 acoustic branches and 3p − 3 optical branches
[54]. Thus monoatomic materials ( one atom per the primitive cell ) have only 3 acoustic
branches, whereas the dispersion relation of diatomic materials shows both the acoustical
and optical branches. Each branch has two vibrational modes ; longitudinal and transverse
modes. Coherent INS techniques are most often employed to investigate the phonon disper-
sion relations ω (K). In Pd-H(D) system, the optic-mode vibrations of hydrogen atoms have
distinctively higher frequencies than the acoustic-mode vibrations due to the lower mass
of hydrogen compared to Pd atoms. The magnitude of dispersion in hydrogen vibrations
indicates the strength of the interaction between hydrogen atoms. The absence of dispersion
results from hydrogen atoms oscillating independently in the local potential field of the sur-
7
Figure 2.2: Phonon dispersion curves in PdD0.63. Filled and open symbols are data taken at
150 and 295 K, respectively. The dashed line is for pure Pd. Taken from Rowe et al. (1974)
[40]
8
Figure 2.3: Neutron scattering intensity in ~ω-Qx plane showing quasi-elastic scattering,
inelastic scattering due to acoustical and optical phonons, and Bragg scattering [57]
rounding metal atoms. The wave-like dispersion relation, however, is attributed to the local
oscillations coupled with each other due to an interaction between the neighboring hydrogen
atoms. The dispersion relation of PdD0.63 is shown in Fig. 2.2 [40]. The transverse optic-
mode(TO) of deuterium presents the isolated oscillations of each hydrogen in Pd, whereas
the dispersive longitudinal optic-mode(LO) shows D-D interactions. The considerably long-
ranged interactions was observed even at low H concentrations (PdH0.006 and PdH0.027)
[55].
The vibrational spectrum of the Pd-H system also has been of interest for many years.
Coherent inelastic neutron scattering is due to the interference of neutron waves emitted
from different atoms at different times, while incoherent inelastic neutron scattering is the
interference of neutron waves emitted from the same atom at different times [56]. The
schematic illustration of neutron scattering intensity in ~ω-Qx plane is shown in Fig. 2.3 [57].
If the dispersion behavior over the momentum transfer space is collapsed onto the domain
of neutron energy loss(gain), +~ω(−~ω), all the possible momentum states are recorded as
9
the magnitude in the vibrational density-of-states(VDOS). The strong dispersive LO mode
shown in Fig. 2.2 indicates strong nearest neighbor interactions between hydrogen atoms.
In this case, hydrogen is not an isolated harmonic oscillator and the oscillations are coupled
with each other. The vibrational energy for the dispersive LO mode spreads out as shown
in Fig. 2.2 and this leads to broadening the VDOS associated with the dispersive optical
branches. On the other hand, the nearly dispersion free TO mode of hydrogen atoms means
that each hydrogen atom is oscillating independently. This vibrational mode appears as a
sharp peak in the VDOS.
Fig. 2.4 shows the VDOS of Pd-H0.014 [44] and Pd-H0.99 [58] providing the 1st har-
monic peaks (TO modes) of α- and β-Pd hydrides and the shoulder on the higher energy
part. Emergence of the high-energy shoulder can be attributed to two explanations ; 1)
the longitudinal optical mode contributes to this shoulder through the significant dispersion
attributed to the strong second-like-neighbor interactions between the solute atoms [40].
These interactions are comparable to the first-like-neighbor interactions and consistent with
the electronic band-structure calculations [59]. 2) Alternatively, Franck-Condon transition is
involved in the high-energy shoulder [47], which occurs due to the interaction of the phonons
with the electronic transitions of the solute atoms. This electronic transition is induced
by the absorption from neutrons with the appropriate energy and projects the vibrational
wavefunction at the ground electronic state onto the excited state. Since the electronic tran-
sition is principally instantaneous compared to the nuclear motion necessary for the lattice
relaxation, the peak broadens toward the high energy spectrum [47, 48]. The vibrational
excitation energies observed from the past experiments are tabulated in Table 2.1.
The coherent and the incoherent scattering cross-section are known as
(
d2σ
dΩdE ′
)
coh
=
σcoh
4pi
k
′
k
1
2piℏ
∑
jj′
∫
∞
−∞
< exp{−iκ ·Rj′ (0)} exp{iκ ·Rj (t)} > exp(−iωt)dt
(2.7)
10
(a)
(b)
Figure 2.4: Vibration energy spectra of Pd-H system : (a) PdH0.014 at 298 K taken from
Rush et al. (1984) [44] and (b) PdH0.99 at 200 K taken from Kolesnikov et al. (1991) [58]
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Table 2.1: Vibrational excitation energies of interstitial hydrogen atoms in Pd
Sample Excitation Energy [meV] Temperature [K] Phase Reference
PdH0.63 57.0 β [40]
PdH0.63 56.0 80 β [41]
PdH0.63 58.0 298 α
′
[44]
PdH0.63 55.8 25 β [46]
PdH0.99 56.0 200 α
′
[58]
PdH0.99 56.0 15 β [58]
PdH0.002 68.5 70 α [55]
PdH0.014 69.0 298 α [44]
PdH0.008 69.0 α [60]
PdD0.014 46.5a 295 α [44]
PdD0.63 37.6b 80 β [61]
α indicates solid solution and α
′
disordered hydrogen-rich phase
a 46.5 meV of PdD0.014 corresponds to 65.8 meV in PdH0.014
b 37.6 meV of PdD0.63 corresponds to 53.2 meV in PdH0.63
(
d2σ
dΩdE ′
)
inc
=
σinc
4pi
k
′
k
1
2piℏ
∑
j
∫
∞
−∞
< exp{−iκ ·Rj (0)} exp{iκ ·Rj (t)} > exp(−iωt)dt
(2.8)
where the scattering vector, κ = k − k′ and the cross-section σcoh = 4pi(b)2 and σinc =
4pi
(
b2 − (b)2
)
with neutron scattering length, b [56]. The coherent scattering cross-section
indicates that the coherent scattering is associated with the correlation between the positions
of the same nucleus at different times and also with the correlation between the positions of
different nuclei at different times. On the other hand, the incoherent scattering cross-section
is only associated with the correlation between the positions of the same nucleus at different
times. Thus the incoherent scattering does not give interference effects [56]. Within Eq. 2.8,
the self intermediate function can be defined by
Is (κ, t) =
1
N
∑
j
< exp{−iκ ·Rj (0)}exp{iκ ·Rj (t)} > (2.9)
where N is the number of nuclei in the scattering system, and similarly the incoherent
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scattering function can be defined by [56]
Sinc (κ, ω) =
1
2piℏ
∫
Is (κ, t) exp (−iωt) dt (2.10)
Then the incoherent scattering cross-section can be rewritten as
(
d2σ
dΩdE ′
)
inc
=
σinc
4pi
k′
k
N Sinc (κ, ω)
The incoherent scattering function (the dynamic structure factor) can be defined by [56]
Sinc (κ, ω) =
~
2M |ω|
(
n¯+
1
2
(1± 1)
)
κ2g (ω) exp
(
−κ2
〈
u2
〉)
(2.11)
where ~Q and ~ω are, respectively, the momentum and the energy transferred from a neutron
by scattering, n¯ the average number of phonons at temperature T, 〈u2〉 the ensemble average
of square of the displacement u, and g (ω) the phonon density of states (DOS). The definition
of the momentum and the energy above are given by ~κ = ~ (k − k′) and ~ω = Ei − Ef
with i and f referring to the states of the neutron before and after scattering. The average
number of phonons, n¯, is defined as n¯ = [exp (~ω/kT )− 1]−1 and the + ( - ) sign in Eq.
2.11 means neutron energy loss (gain).
2.3 Small Angle Neutron Scattering
Small-angle neutron scattering (SANS) is a useful probe of the hydrogen-dislocation inter-
action and enables one to directly measure the concentration and the spatial extent of the
Cottrell atmosphere [28]. SANS measurements on a cold-rolled Pd sample (99 % degree
of deformation) without and with 1.0 at.% deuterium were perform at 300 K [35]. SANS
studies on H(D) trapping at dislocations were, thereafter, performed at room temperature
[28, 36, 37, 62-65]. Based on continuum mechanics, Maxelon et al. established a simple re-
lation between the total hydrogen concentration and the radial extent of hydrogen trapped
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at dislocation : the radius of the cylindrical hydrogen-trapping region along dislocation line
continuously increases with the total hydrogen concentration within the solid solution re-
gion [64]. The location of trapped hydrogen at dislocations and the changes in the electronic
structure was recently studied by the framework of the Atom Superposition and Electron
Delocalization Molecular Orbital (ASED-MO) theory [66]. The calculated hydrogen concen-
tration was 2.6 H atoms per Å of dislocation line, which is consistent with the experimental
observations [36, 64].
The Cottrell atmosphere was modeled as a cylindrical geometry, which is a relatively
infinitely long and zero-radius cylinder in Pd matrices decorated with deuterium atoms to
simply form a cylinder [53]. The analytical modeling for the SANS response was rigorously
established by Heuser [36] and Ross and Stefanopoulos [62], assuming that the Cottrell
atmosphere has a sharp edge at the border with the matrix.
The coherent differential macroscopic scattering cross section is given by [56]
dΣ
dΩ
=
1
V
∣∣∣∣
∫
V
d3r exp (iQ · r) ρ (r)
∣∣∣∣
2
(2.12)
where V is the volume illuminated in the neutron beam, Q is the neutron wave vector
transfer, r is the position vector and ρ (r) is the scattering length density. The bound atom
scattering length of the ith nucleus bi and the position of the ith nucleus relative to an
arbitrary origin ri contribute to the scattering length density, as given by
ρ (r) =
N∑
i
biδ (r− ri) (2.13)
Shown in Eq. 2.12, the square of the absolute value of the scattering length density helps
determine the differential macroscopic scattering cross section. For the multiple nuclei, Eq.
2.13 becomes the contrast between the scattering length densities of each nucleus. Therefore,
the greater contrast is favored for the larger differential macroscopic scattering cross section.
Even though deuterium has the larger coherent cross section and the much lower incoherent
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cross section than hydrogen, the contrast between Pd-H is greater than Pd-D and thus
hydrogen as a solute is suited to SANS experiments as well as deuterium [64].
The total macroscopic differential scattering cross section is estimated as
dΣ
dΩ total
=
dΣ
dΩdefect
+
dΣ
dΩ solute−defect
+
dΣ
dΩ solute−solute
+
dΣ
dΩ incoherent
(2.14)
which consists of 4 cross section components : 1) defect scattering, 2) solute-defect scattering,
3) solute-solute scattering, and 4) incoherent scattering component [53]. Hydrogen trapping
at dislocations is expected and, in the case of hydrogen loaded Pd, Eq 2.14 becomes
dΣ
dΩ
(Q) =
〈∑N
m,m
′ bPdbPde
iQ·(Rm−R
m
′ )
〉
+
〈
2
∑N,N ′
m,m′
bPdbHRe
[
eiQ·(rm′−Rm)
]〉
+
〈∑N ′
m,m′ bHbHe
iQ·(rm−r
m
′ )
〉
+ dΣ
dΩ incoherent
(2.15)
where bPd and bH are the bound atom coherent scattering lengths of Pd and hydrogen, R
and r are the Pd and hydrogen position vectors, N and N
′
are the total number of Pd and
hydrogen atoms. Re [· · · ] means the real part of of the exponent term and 〈· · · 〉 an ensemble
average.
The contribution from the dislocations to the total scattering cross section (I (Q) ∼ 1
Q3
[67]) is negligible in the intermediate Q range
(
0.01Å
−1
≤ Q ≤ 0.1Å
−1
)
[28], compared to
the contribution from hydrogen. Thus the mixed term, hydrogen-defect scattering compo-
nent, in Eq. 2.15 is considered not to contribute significantly to the net cross section. The
incoherent scattering component is also eliminated through the background subtraction. The
trapped solutes are of cylindrical geometry, based on the assumption that the line-shape dis-
location with zero radius is decorated with hydrogen atoms [53]. The theoretical scattering
response at small angle from hydrogen trapped at dislocations is given by [36, 64]
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d
∑
dΩ
=
2 (piR2)
2
ρd
Q
[
bPd
NPd
fb
− bPd
NPd
fd
+ bHNPdCb − bHNPdCd
]
exp
(
−
Q2R2
4
)
tan−1 (QL)
(2.16)
where ρd the dislocation density in units of line length/unit volume (cm/cm3), R the cylinder
radius, L the length of the cylinder, NPd the number density of Pd, fb and fd the volume
expansion coefficient at bulk(b) and near dislocation(d) due to volumetric dilatation, and
Cb and Cd the local concentration, [H]/[Pd], at bulk(b) and near dislocation(d). The local
concentration is defined as
Cb = Ctot
1
ER
Cd = Ctot
ER−1
ER
1
piR2ρd
(2.17)
where Ctot is the global concentration, [H]/[Pd], obtained from the total uptake concen-
tration and ER is the solubility enhancement ratio determined by the ratio of the global
concentration to the the bulk concentration given by the equilibrium pressure [68].
As R0 → 0 and L0 →∞, Eq. 2.16 becomes
d
∑
dΩ
=
pi (piR2)
2
ρd
Q
[
bPd
NPd
fb
− bPd
NPd
fd
+ bHNPdCb − bHNPdCd
]
(2.18)
The scattering response of 1/Q is expected for trapped H or D at dislocations, of which the
dislocation corresponds relatively to the infinitely long and straight defect. The scattering
cross section in high Q region where the Guinier term is important is given by
d
∑
dΩ
=
R2 (piR2)
2
ρd
Q
[
bPd
NPd
fb
− bPd
NPd
fd
+ bHNPdCb − bHNPdCd
]
exp
(
−
Q2R2
0
4
)
(2.19)
since tan−1 (QL0) in Eq. 2.16 is roughly constant [53]. Thus the plot of ln
(
d
∑
dΩ
×Q
)
vs. Q2
allows to accurately determine the radius R0, giving the slope of−
R2
0
4
. With this radius, the
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dislocation density ρd and the excess amount of hydrogen atoms per unit length of dislocation
N
L
can be obtained as well.
The outer cutoff radius of Cottrell atmosphere, Rmax, was investigated as a function of the
hydrogen concentration [64]. At the border of the trapping region, the chemical potentials in
the hydride and the solid solution are the same at equilibrium and are described as following,
µ = µ0 + kBT ln cts + σh (Rmax)VH at the border, Rmax
= µ0 + kBT ln cf far away from dislocations
(2.20)
where σh (Rmax) is the hydrostatic stress at the border, cts is the terminal solubility of
hydrogen in Pd in equilibrium with the β-phase, and cf is the local concentration where
hydrogen is free from the strain field. The hydrostatic stress at the border is constant and
given by Eq. 2.3,
σh (Rmax) =
µbe (1 + ν)
6pi (1− ν)Rmax
(2.21)
Plugging Eq. 2.21 into Eq. 2.20, the local concentration of the free hydrogen is determined
by
cf = cts exp
(
−
µbe (1 + ν)VH
6pi (1− ν) kB
·
1
TRmax
)
(2.22)
Then the core concentration is estimated using Eq. 2.6 and thus the total concentration is
given by [64]
ctot = αρdpiR
2
max + cts exp
(
−
µbe (1 + ν)VH
6pi (1− ν) kB
·
1
TRmax
)
(2.23)
where α is the hydrogen composition trapped as a cylindrical geometry.
As the temperature is reduced, the total concentration ctot can be given by the following
two conditions :
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Table 2.2: Fitting parameters for ctot = 0.00715 taken from Heuser and King (1997) [36]
Sample ρD [×1020cm−3] ρd [×1020cm−2] R0 [Å] L0 [Å] ρd/ρD [deuterons/Å]
SC(α/α
′
/α)12 1.01±0.05 2.4±0.2 11 58±1 4.2±0.4
SC(α/α
′
/α)14 1.13±0.06 2.2±0.2 11 60±1 5.1±0.5
1. The diffusion process is valid and thus the concentration changes following the Sievert’s
Law
2. The concentration is constant because the solute atoms are rather immobile
In the first case, the total concentration ctot proportional to the square of equilibrium gas
pressure also depends on temperature in a closed system and can be estimated by the
following [69],
P1
P2
= T1
T2
log c = 1
2
log P + A
T
+B
ctot(T ) = ctot (T0)
√
T
T0
10
1
T
−
1
T0
(2.24)
where A and B are the material dependent coefficients. On the other hand, the second
condition yields the constant hydrogen concentration along the temperature reduction.
The SANS radii corresponding to the hydrogen concentration can be estimated with
the previous results. Using the fitting parameters obtained from the SANS measurements
performed by Heuser and King (1997) [36] are shown in Table 2.2. Based on the these
parameters, one can estimate the SANS radius R [Å] at temperature T [K] and the radii
corresponding to ctot at 293 K and 10 K are presented in Fig. 2.5. The SANS radius
calculated at 293 K comparable to the measured verifies this estimation ; with the given
concentration ctot ([H]/[Pd] = 0.0055) at the temperature (293 K), the SANS radius of 11.46
Å is comparable to the one of 11 Å obtained from the experiment. Using the first condition
of the total concentration along the temperature, the radius R at 10 K is 5.30 Å and the
radius reduction ratio, △R
R
, is approximately 53.79 %. But the radius reduction under the
constant concentration is is only 0.44 Å and this radius change will not be large enough to
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Figure 2.5: SANS Radius R vs. ctot at 293 K (solid) and 10 K (dash) using ρd = 2.2 ×
1011[cm−2] and ctot (293K) = 0.0055 from Heuser and King (1997) [36] : the estimated R =
11.46 Å is comparable to the measured R = 11 Å. At 10 K and the radii Ra and Rb are
calculated based on the varying concentration and the constant concentration, respectively.
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Figure 2.6: Ratio of SANS Radius (R/R293K) vs. Temperature : the ration based on the
hydrogen concentration varying along the temperature reduction (solid open-circle) and the
constant concentration (dash open-square) using the fitting parameters of Heuser and King
(1997) [36]
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conclusively be determined in the SANS experiments. The ratio of R at different temperature
to R0 (11.46 Å) explicitly shows a temperature-dependent behavior of the SANS radius. As
shown in Fig. 2.6, the hydrogen concentration varying upon cooling down may result in
the dramatic reduction in the SANS radius, whereas the radial extent reduction under the
constant concentration environment will become rather subtlely even at 10 K. Thus this
spatial reduction will be tightly bound with whether or not the diffusion phenomena of
the solute atoms will be allowed. The actual concentration change, however, may satisfy
the first condition mentioned above as cooling down to approximately 240 K because the
solute atoms can diffuse through Pd of ∼ 1 mm thick within hours . As the temperature
reduces, the solute atoms become more immobile and satisfy a constant concentration. More
importantly, the quantifying the local concentration of the Cottrell atmosphere is the key to
investigating the effect of the distorted environment of dislocation on the Pd hydride phase
behavior at low temperature.
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Chapter 3
Experimental
The experimental procedures and instruments employed for this study are described in this
chapter. The sample preparation procedures for IINS and SANS are explained in the first
two sections, respectively. The sample preparation and procedure for microscopical analysis
are briefly explained to characterize the morphology of dislocation environment induced by
the sample preparation procedures. The IINS and SANS instrumental configuration and
procedures are described in the final sections.
3.1 Sample Preparation
Pure polycrystalline Pd (pc-Pd) sheets (99.98% metals basis) of 0.25mm thick supplied by
Alpha Aesar were used for the IINS measurements : approximately 103 grams and 175 grams
for two separate measurements at two different instruments, respectively. These Pd sheets
were cold rolled in the as-received condition and cut into 0.5 cm by 5 cm pieces. The surfaces
of the pc-Pd samples were abraded with 240 grit paper wetted with water and then cleaned
with three step ultrasonic cleaning in acetone, isopropyl alcohol (IPA), and methanol in
order. The abrasion and the cleaning steps provide clean surfaces to expedite the adsorption
kinetics of hydrogen gas due to the catalyst reaction at the surfaces of the Pd samples. The
pc-Pd samples were cycled across the miscibility gap between α and α′ phases at the room
temperature in order to generate significant amount of dislocations [28]. Cycling the pc-Pd
samples was performed by exposure to H2 gas within a Al sample can with a Cu lid attached
to a manifold system and the schematic diagram of the manifold system is shown in Fig.
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3.1.
The manifold system was designed for carrying the samples in equilibrium at the experi-
mental sites since the samples continuously outgassed under ambient condition. The system
consists of three sections ; a pumping section, a manifold gas-loading section, and a gas line
section. The pumping section consists of a Leybold Dry Oil Free HV pump system, BMH70
DRY, and a converter from ISO-large flange (LF) to conflat flange (CF), and a UHV belows
sealed valve manufactured by Vacuum Generators LTD. This system was capable of achiev-
ing an ultimate pressure of 8 ×10−8 Torr within the manifold gas-loading section. A stainless
steel cylinder with known volume of 1002 cm3 and a 2.75 inch tee part were attached to the
manifold system, in order to determine the gas-loading section and the Al sample can and to
store H2 or D2 gas. The manifold gas-loading section was all stainless steel and had a closed
volume of 1427.6 cm3, including the volume of an Al sample can. Within this gas-loading
system, two absolute pressure gauges with different pressure ranges, MKS Baratron Type
627B, were mounted to measure the gas pressure. The measuring range of the full scale 100
Torr gauge was 0 to 100 Torr, in the increments of 0.01 Torr, with an accuracy of 0.12 % of
reading and the one of the full scale 2 Torr gauge was 0 to 2 Torr, in the increments of 0.0001
Torr, with an accuracy of 0.12 % of reading. Both pressure gauges were kept at 45 ℃ by the
built-in heater. The power supply for the Baratron was Type PRD2000A supplied by MKS.
The ion gauge was a Type 580 Nude Ionization Gauge Tube supplied by Varian and was
controlled by a National Research Corporation Type 720 power supply. Most of the main
components of the loading manifold were connected with 2.75 inch CF using Cu gaskets and
the Al sample can section was attached to the manifold using Kwik flange (KF) and VCR
fittings. Ultra high purity hydrogen or deuterium gas bottles of Matheson Tri-Gas supplied
by S. J. Smith was attached to the manifold system and H2 or D2 gas was transported from
the gas line section to the gas-loading manifold.
The starting condition before introduction of hydrogen or deuterium gas was a vacuum
of 3×10−7 Torr or better as measured by the ion gauge when the valve 2 and 3 were closed
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Figure 3.2: Hydrogen adsorption into a deformed pc-Pd foil (1.053 g) ; solid line is the best
fit
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and the valve 1, 4, and 5 were open, shown in Fig. 3.1. The gas-loading manifold section
was defined by closing the valve 1, 2, and 3. The pc-Pd samples within the Al can were
isolated by closing the valve 5 before exposed to H2 gas at a desired pressure at the room
temperature. The starting pressure was determined beforehand to load the desired concen-
tration of hydrogen into the pc-Pd samples. Once the H2 gas was filled in the gas-loading
manifold section except the Al can, the valve 5 was open to bring H2 gas to the samples
and let the samples adsorb the H2 gas until the pressure reached at an equilibrium state
at the room temperature. The total pressure drop within the gas-loading manifold section
corresponded to the total hydrogen concentration adsorbed by the sample, Ctot, and the
bulk concentration, Cb, was directly measured as the final equilibrium H2 gas pressure using
the Sivert’s law [69]. This is demonstrated in Fig. 3.2, which shows the pressure drop as a
function of time at the room temperature. The solid line represents the best fit on the pres-
sure drop using an exponential function and this gives the time coefficient associated with
the adsorption kinetics. The slow kinetics of the adsorption behavior indicates existence of
the contaminants blocking surface adsorption sites.
The total concentration, Ctot, was maintained approximately 1340 appm [H]/[Pd] and
the bulk concentration, Cb, was roughly 600 appm [H]/[Pd]. The ratio of Ctot to Cb is
known as solubility enhancement ratio (ER) and indicates a rough measure of the degree of
deformation of the sample ; large enhancement ratio implies large dislocation density [68].
Typical ER for the deformed pc-Pd samples was more than 2.0 (e.g. the total concentration
1338 appm [H]/[Pd] at ER of 2.22), which implies that more than the half of the hydrogen
atoms were trapped within the distorted environment of dislocations. Solute atom, however,
preferentially starts filling in the Cottrell atmosphere since the occupancy within the Cottrell
atmosphere is energetically preferred [50]. Thus the bulk concentration is maintained signif-
icantly lower than the total concentration at low concentration, which gives large ER until
full occupancy in the Cottrell atmosphere. This behavior was observed in a cycled single
crystal Pd disc of 4.4681 g with deuterium gas, shown in Fig. 3.3. All the ER measurements
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Figure 3.3: Solubility enhancement ratio (ER) measurements at various total concentration
(Ctot) ; a set of ER measurements using a cycled single crystalline Pd with deuterium (solid-
circle), ER of the deformed pc-Pd with hydrogen (solid-square), and ER of the deformed
sc-Pd with hydrogen (solid-rhombus) and with deuterium (solid-triangle)
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were performed at the room temperature. The ER measurements of the actual samples were
also shown in Fig. 3.3 ; solid square () is the ER of the deformed pc-Pd samples with
hydrogen for the IINS measurements and solid rhombus () is the ER of the deformed sc-Pd
sample with hydrogen for the SANS measurements.
A single crystalline Pd (sc-Pd) sample used for SANS analysis was cut from an ingot
supplied by Metron Inc. and cold-rolled at the room temperature. The final size of the sc-
Pd sample was 0.310 cm thick× ∼1 cm dia. with the mass was 4.4681g. The cold-rolled sc-Pd
sample was deformed by cycling twice across the miscibility gap between Pd hydrides(α/α
′
)
at ambient temperature within the stainless steel tube in the gas-loading manifold system
not including the Al sample can, shown in Fig. 3.1. The volume of the gas-loading manifold
was 1007.29 cm3. After cycled, both surfaces of the sc-Pd were mechanically polished in the
following sequences:
a) the order of 240/600/1200 grit papers wetted with water
b) 5 micron levigated alumina mixed with purified water on a felt cloth
c) 1 micron alumina mixed with purified water on a felt cloth
d) 0.25 micron polycrystalline diamond mixed with purified water on a felt cloth
e) 0.05 micron alumina mixed with purified water on a felt cloth
The ER measurements were performed to determine the amount of hydrogen/deuterium
trapped at dislocations. Before SANS measurements, the measured ER with deuterium was
2.43 at total concentration of 1600 appm [D]/[Pd]. The deformed sc-Pd sample for SANS
measurements was loaded to a hydrogen concentration of 1340 appm [H]/[Pd] and then was
loaded to a deuterium concentration of 835 appm [D]/[Pd]. After SANS experiment, the
ER measurements were performed again, in order to check if there was significant change
in dislocation density. The after-SANS ER measurements were 2.28 with deuterium at the
total concentration of 1304 appm [D]/[Pd] and 1.70 at the total concentration of 1322 appm
28
[H]/[Pd], respectively. The sc-Pd sample was prepared in the same gas-loading manifold
system under vacuum, exposed to hydrogen/deuterium gas.
3.2 Transmission Electron Microscopy Analysis
Dislocation morphology in the deformed pc-Pd samples was characterized with transmission
electron microscopy (TEM)1. The cold-rolled pc-Pd in the as-received condition and the
cycled pc-Pd were prepared separately by punching out 3 mm discs from the large foil
specimens, respectively. The 3 mm discs from the cold-rolled pc-Pd were thinned down
through jet polishing, whereas the discs from the cycled pc-Pd were prepared by ion milling
with Ar. The ion milling was performed in two steps ; first at 5 keV and 8mA and finally
at 2 keV and 3 mA. During the ion milling, the temperature of the samples was maintained
under the room temperature by liquid nitrogen cooling.
A JEOL 2010LaB6 operated at 200 kV was used for TEM analysis. Fig. 3.4 and 3.5
illustrate the dislocation structure of the cold-rolled pc-Pd sample. It is well known that
the cellular dislocation arrangement evolves during the cold-work deformation [70, 71]. Cell
blocks and dense dislocation walls were clearly shown in Fig. 3.4 and 3.5 and a magnified
portion of a single cell block is presented in Fig. 3.6. This sample was in the as-received
condition, bearing the well-defined dense cellular dislocation structure.
Fig. 3.7 and 3.8 shows the dislocation structure of the cold-rolled and fully cycled pc-Pd
sample. It is known that hydride cycling generates the uniform dislocation arrangement and
this uniform dislocation structure was observed in the fully cycled sc-Pd samples [37, 53].
Since the cold-rolled pc-Pd sample in the as-received condition was cycled, the uniform
dislocation structure was established within the cell blocks.
1All the TEM analyses were performed by Dr. Jamey Penske (jafenske@illinois.edu) and Ms. Virginia Mc-
Creary (vmccrear@illinois.edu), Department of Material Science, University of Illinois at Urbana-Champaign
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Figure 3.9: Schematic diagram of Filter-Analyzer Neutron Spectrometer (FANS)
3.3 Incoherent Inelastic Neutron Scattering
Instrumentation and Procedures
3.3.1 Filter Analyzer Neutron Spectrometer
The IINS measurements on the deformed pc-Pd samples loaded with the global concentra-
tion of 1340 appm [H]/[Pd] were performed to investigate the vibrational characterization
of the hydrogen trapping at the distorted environment of dislocation. The existing neu-
tron scattering instrument was employed for the IINS experiment ; FANS (Filter-Analyzer
Spectrometer), NCNR, NIST2 [72]. Fig. 3.9 shows a schematic diagram of the FANS at
NIST. A collimated beam of neutrons is monochromatized using a crystalline monochro-
2NIST Center for Neutron Research (NCNR), National Institute of Standards and Technology (NIST)
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mator and directed onto the sample. The scattered neutrons passing through a low-energy
bandpass filter are monitored at the detectors. The low-energy bandpass filter consisting of
Be/Graphite/Be ideally removes all the neutrons with final energies above a Bragg cutoff
energy of the filter materials. Thus the final energy, Ef , passing through this low-pass Bragg
cutoff filter is fixed at the cutoff energy Ecutoff of 1.8 meV [72]. Inelastic spectra are obtained
by scanning the incident energy, Ei, and counting all the scattered neutrons with the energy
Ef < Ecutoff . FANS has the energy transfer range of 5 - 250 meV and the resolution of ∼ 1.1
meV at low energies with the incident flux of 107 n/sec-cm2. The monochromator take-off
angle (2θ) was varied from 20 to 90 degrees and a Cu(220) monochromator was selected.
The samples placed within the gas absorption sample cell shown in Fig. 3.1 equilibrated
at H2 gas pressure of 0.0395 Torr at the room temperature. The sample can was isolated
by the valve after the samples were treated. The samples at the equilibrium concentration
within the sample can were transferred and mounted into the FANS for actual measurements.
For the background measurement, the samples within the sample can were mounted onto
the manifold system and outgassed at 130 ℃ under vacuum. Relatively low annealing
temperature was selected to minimize the perturbation in the distorted environment of
dislocations. The sample environment equipments were well established to control the sample
temperature from 300 K to 4 K with a Closed Cycle Refrigerators (CCR) and a built-in
heater. The samples were cooled down to 4 K and the measurements were started. The
VDOS of the deformed pc-Pd samples was obtained at 4 K, 100 K, 200 K, and 295 K and
each measurement was run for 24 hour at the temperature. The energy range from 34.09
meV to 105.85 meV was recorded at each temperature.
3.3.2 Wide Angular-Range Chopper Spectrometer
The vibrational characterization of the hydrogen trapped in dislocations was investigated at
the existing neutron scattering instrument, ARCS (Wide Angular-Range Chopper Spectrom-
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Figure 3.10: Schematic diagram of Wide Angular-Range Chopper Spectrometer (ARCS)
eter), SNS, ORNL3. Fig. 3.10 shows a schematic diagram of the ARCS at SNS, ORNL[73].
Neutrons released from spallation process at the frequency of 60 Hz are moderated by de-
coupled ambient water and delivered to the instrument through an elliptically shaped su-
permirror guide in the incident flight path. A T0 neutron chopper is employed to block the
prompt radiation from the source and to eliminate unwanted neutrons from the incident
beam line. Fermi choppers rotated at frequencies of up to 600 Hz cover the incident energy
range of 10 - 1500 meV and the phase of the chopper relative to the incident neutron pulse
defines the incident energy [74]. The resolution based on the full-width-at-half-maximum
(FWHM) of elastic diffraction peak varies from 2 to 5 % of the incident energy. ARCS has
the sample and detector vacuum chambers providing a window-free final flight path, which
results in the featureless background distinct from the filter-based detector system. Linear
position-sensitive detectors filled with 3He at 10 atm are employed, covering the detecting
solid angle of -28 ∼135◦ (horizontally) and -27 ∼ 26◦ (vertically). ARCS is based on time-
of-flight measurement (TOF) - as a way to measure velocity (energy) in a given path length.
3Spallation Neutron Source (SNS), Oak Ridge National Laboratory (ORNL)
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Once neutrons with the incident energy (Ei) are selected and start traveling the flight path
at T0, the final energies (Ef ) of the neutrons after collision with the sample are decoded by
measuring the travel time onto the detector and the neutron wave transfer vector (Q) are
determined by the detecting position on the position-sensitive detector geometry, based on
the given flight path length of sample-to-detector and the distance from the origin of the
incident beam.
The deformed pc-Pd samples of 175.32 g loaded to the hydrogen concentration of 1340
appm [H]/[Pd] were placed in the sample can shown in Fig. 3.1. The equilibrium gas pressure
was 0.0286 Torr at the room temperature and the ER of 2.59 was measured. Similar to the
FANS measurements, the sample can was isolated by the valve after the samples were treated.
The samples within the sample can were outgassed at 117 ℃ under vacuum for 10 hour, in
order to measure the background (the outgassed, deformed Pd). A top-loading Closed Cycle
Refrigerators (CCR) was employed to control the sample temperature from 300 K to 5 K.
The VDOS of the deformed pc-Pd samples was obtained at 5 K and 295 K and each spectrum
was recorded for 16 hour at the temperature except the background measurement at 5 K -
measured for 13 hour. The incident energy of 150 meV was selected to optimize the neutron
flux and still cover the whole energy transfer range up to the second harmonic oscillation
energy of hydrogen. The energy transfer range recorded at each temperature was -99.5 meV
≤ Ei-Ef ≤143.5 meV.
3.4 Small Angle Neutron Scattering Instrumentation
and Procedures
The SANS measurements of the trapped hydrogen and deuterium near dislocations were
performed at CG-2, HFIR, ORNL4 using the deformed sc-Pd sample. A schematic diagram
of CG-2 is shown in Fig. 3.11. The incident wavelength of CG-2 is 4≤λ≤30 Å defined by
4High-Flux Isotope Reactor (HFIR), Oak Ridge National Laboratory (ORNL)
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a Helical slot selector with the resolution (∆λ/λ) range of 0.09 - 0.45 %. CG-2 has eight
removable guide sections of 2 m long each and each guide section has the collimation of 4×4
cm2. A 2-D 3He position-sensitive detector with 1 m2 active area and 5.1×5.1 mm2 pixels is
placed in an evacuated tube of 20 m long. The sample-to-detector distance can be adjusted
from 1 to 20 m. The wave vector transfer Q achievable with this configuration is from 0.004
to 0.5 Å−1 at the neutron wavelength of 10 Å.
The source aperture of 40 mm φ and the sample aperture of 10 mm φ were employed
to define a neutron beam. The wavelength of 7.2 Å with ∆λ/λ = 15 % was selected and
5 neutron guides were inserted, which resulted in the source-to-sample distance of 7270
mm. The detector was placed at the distance of 3500mm from the sample with the offset
of 200.00 mm from the center of the detector. This instrumental configuration covered the
range of neutron wave vector transfer, 0.008023 ≤ Q ≤ 0.203084 [1/Å]. A closed-circuit
refrigerator(CCR) was used to control the sample temperature from the room temperature
to 15 K. The sample was placed into a Al sample post holder and mounted onto cold-finger.
This was sealed by two different Al cans, which were an inner can with Al foil windows and
an outer can with 1.5 inch dia. sapphire windows. The entire CCR sample environment was
evacuated and the cooling procedure began below the pressure of 10−4 Torr.
The SANS measurements of PdH0.00134 were performed at 15 K, 100 K, and 200 K
sequentially. The scattering and the transmission runs were recorded at each temperature
for 12 hour and 120 sec, respectively. After the PdH sample was measured, the deformed
sc-Pd sample was taken out from the CCR sample environment and outgassed at 150 degree
C within the manifold system for 9 hours. This outgassed sc-Pd was used for measuring
the background for SANS measurements. Afterwards the sc-Pd sample was loaded with
deuterium and PdD0.000835 was measured only at 15 K and 100 K due to the given beam
schedule. A standardized sample, a disc of Porasil-A with 0.1 cm thick and known absolute
scattering cross-section at Q = 0, was measured at the room temperature for the absolute
scale calibration of the SANS measurements.
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Chapter 4
Neutron Scattering Results
The neutron scattering results are presented in this chapter. In the first section, spectrum
normalization for the VDOS of the deformed pc-Pd samples is described and the VDOS
spectrum obtained at each temperature is given. Data reduction routine for the SANS
measurement of the deformed sc-Pd sample is illustrated and the cross section results are
shown in the following section. The transmission coefficients of the with-hydrogen, with-
deuterium, and annealed sample obtained at temperature are presented.
4.1 Incoherent Inelastic Neutron Scattering Results
4.1.1 Vibrational Density-of-States Measurements from FANS
The vibrational density-of-states (VDOS) of the deformed pc-Pd samples with the concen-
tration of 1338 appm [H]/[Pd] was obtained at 4K, 100K, 200K, and 295K. The measurement
of the VDOS at each temperature requires two IINS spectra ; the spectrum of PdH0.001338
(foreground) and outgassed Pd (background). The spectrum of fast neutron background
was recorded with 0.6-mm thick Cd sheets placed in front of the detector bank, in order to
subtract the fast neutron background contribution from the IINS spectra. The actual fast
neutron background measurement is shown in Fig. 4.1 and characterized with the best fit
using an arcsine function.
Since the sample can was made of pure aluminum, the longitudinal vibration mode of Al
appears around 36 meV in all the IINS measurements [75]. The total amount of Al in the
41
Figure 4.1: Fast neutron background measurement (♦) with the best fit (−−−)
Figure 4.2: Curve-fit on Al longitudinal mode peak for normalization : measured (circle)
and the fit (solid-line)
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neutron beam is constant and thus the peak intensity of Al longitudinal vibration mode can
be referenced for normalizing the IINS spectra. Fig. 4.2 shows a typical curve-fit on this
Al peak using a Gaussian function. With the peak intensity from the curve-fit, all the IINS
spectra was normalized by scaling the Al peak intensity to 1.
The normalized IINS results after corrected for the fast neutron background are shown in
Fig. 4.3 through 4.6. The net IINS spectrum between PdH0.001338 and outgassed Pd presents
the vibration of hydrogen in the deformed pc-Pd. The IINS spectrum of the outgassed
Pd as the background measurement is not uniform and in fact is temperature-dependent
as shown in Fig. 4.3 to 4.6. The higher sample temperature results in more populated
vibrational modes, thus activating multiphonon INS processes and resulting in the higher
background [49]. In addition, the spurious background intensity between 50 meV and 80
meV was observed. The VDOS of Be has feature between 50 meV and 80 meV and this
spurious intensity arises from Be-phonon excitations in the filter analyzer [72]. The irregular
background intensity adds false intensity to the net VDOS of hydrogen in the deformed
pc-Pd since the primary peak positions of the hydrogen vibrational modes in Pd exactly
lay within this energy range, as summarized in Table 2.1. The predominate portion of this
intensity could be reduced by addition of an auxiliary polycrystalline Bi filter to the main
filters [72].
4.1.2 Vibrational Density-of-States Measurements from ARCS
The VDOS of the deformed PdH0.00134 was obtained at 5 K and 295 K. As similar to the IINS
measurements at FANS, the measurements of the VDOS performed at ARCS consist of two
IINS spectra at each temperature ; the spectrum of PdH0.00134 (foreground) and outgassed
Pd (background). The T0 chopper and the Fermi choppers employed at ARCS, which set
the standard time in the time-of-flight measurements and define the incident neutron energy,
eliminated the fast neutron background.
The measured spectra at temperature was normalized to the total incident neutron flux
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Figure 4.3: Normalized IINS spectra of PdH0.00134 (circle) and outgassed Pd (square) with
the Net VDOS (upper right) at 4 K
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Figure 4.4: Normalized IINS spectra of PdH0.00134 (circle) and outgassed Pd (square) with
the Net VDOS (upper right) at 100 K
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Figure 4.5: Normalized IINS spectra of PdH0.00134 (circle) and outgassed Pd (square) with
the Net VDOS (upper right) at 200 K
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Figure 4.6: Normalized IINS spectra of PdH0.00134 (circle) and outgassed Pd (square) with
the Net VDOS (upper right) at 295 K
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(a)
(b)
Figure 4.7: Normalized 2D-spectrum in energy transfer (E) versus neutron wave vector
transfer (Q) shown with a) the intensity up to 0.3 and b) the intensity up to 0.003 - the
intensity above 0.003 is whitened out 48
Figure 4.8: 1D measured spectrum (solid circle) after integrated over the Q domain, with
the energy transfer range of −50 meV - 100 meV, and the zoom-in spectrum emphasizing
the inelastic scattering regime (upper right) : 1D-spectrum exhibits elastic peak at 0 meV
and incoherent inelastic spectrum of Pd, Al, and hydrogen. In the zoom-in spectrum, the
background observed in Fig. 4.7b appears at the high energy transfer region. Error bars
indicate ±1σ.
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and corrected for detector efficiency using a vanadium standard. The neutron flux was
monitored between the chopper 2 and the sample stage shown in Fig. 3.10. Typical spectrum
in 2D of the energy transfer (E) and the neutron wave vector transfer (Q) obtained at
ARCS, is presented in Fig. 4.7 - due to the overwhelming intensities of elastic peaks (at
E=0) shown in Fig. 4.7a, inelastic scattering responses are barely distinguishable from the
background. On the other hand, the trimmed scale to low intensity (≤0.003) allows relatively
dim ambient background to emerge at the edge of the high energy domain. This ambient
background is attributed to the neutron scattered from the detector structure material and
traveling across the detector assembly, which travel longer flight path and are identified as
low energy neutrons (high energy transfer) after collision in the time-of-flight measurement.
Integrating the intensity over the neutron wave vector transfer (Q) leads to 1D inelastic
neutron scattering spectra as discussed in Chapter 2.2. Since the background (the outgassed
Pd) measurement was not subtracted from this exemplary 1D inelastic neutron scattering
spectrum, Fig. 4.8 exhibits the inelastic peaks associated with the vibrational modes of Pd
[40] and Al [75] - these peaks are observed distinctly in the zoom-in plot (the upper right)
shown in Fig. 4.8. The ambient background at the high energy transfer tail is also noticeable
in the zoom-in plot and the background subtraction will eliminate this background as well.
The normalized IINS spectra at 5 K and 295 K are shown in Fig. 4.9 and 4.10, respec-
tively. Due to the filter-free detection configuration at ARCS, the featureless background
measurements were accomplished. The normalized net IINS spectra was obtained by directly
subtracting the the IINS spectrum of PdH0.00134 from outgassed Pd at each temperature since
all the IINS spectra was normalized to the total incident neutron flux. If the background
subtraction was perfect, the intensity below ∼40 meV, incorporating the inelastic peaks of
Al and Pd, should be flattened since the total masses of Al and Pd in the beam were not
changed. As shown in the net IINS spectra in Fig. 4.9 and 4.10, the net IINS spectra at all
temperatures are sitting over uneven residual background. Thus the additional background
subtraction needs to be considered.
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Figure 4.9: Normalized IINS spectra of PdH0.00134 (solid line) and outgassed Pd (dashed
line) with the Net VDOS (upper right) at 5 K
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Figure 4.10: Normalized IINS spectra of PdH0.00134 (solid line) and outgassed Pd (dashed
line) with the Net VDOS (upper right) at 295 K
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Figure 4.11: Normalized net IINS spectrum at 5 K after additional background subtraction
; assumed that the residual background is linear (upper right)
53
Figure 4.12: Normalized net IINS spectrum at 295 K after additional background subtraction
; assumed that the residual background is nonlinear (upper right). Two different nonlinear
backgrounds labeled as 1 and 2 were considered for comparison.
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Table 4.1: Transmission Coefficients at Temperature
Sample Temperature [K] Transmission Coefficient deviation
15 0.6107 +0.0132 (+2.31σ)
PdH0.00134 100 0.5976 −0.00852 (−1.49σ)
200 0.5999 −0.0047 (−0.82σ)
Tavg∗1 = 0.6027 σ∗2 = 0.0057
15 0.5728 −0.0218 (−1.28σ)
Pd 100 0.5743 −0.0192 (−1.13σ)
200 0.6096 +0.0410 (+2.41σ)
Tavg= 0.5856 σ = 0.0170
PdD0.000835 15 0.5889 +0.0166 (+1.73σ)
100 0.5697 −0.0166 (−1.73σ)
Tavg= 0.5793 σ = 0.0096
*1 : the average of the measured transmission coefficients
*2 : the standard deviation of the measured transmission coefficients
Fig. 4.11 and 4.12 show the normalized net IINS spectra at temperature after additional
background subtraction. The additional background at 5 K has linear feature under the
spectrum in the energy transfer range of 40 meV ≤E ≤ 150 meV, while the additional back-
ground at 295 K follows nonlinear curvature. This nonlinear background might be attributed
to the multiphonon scattering thermally more activated at 295 K. Two different nonlinear
backgrounds, indicating different contribution of the multiphonon scattering, were consid-
ered for this additional background subtraction at 295 K. Unfortunately, this background
information is missing and unknown in this study. The primary peak, however, appears at
the same transferred energy and the overall shape of two spectra resulting from different
background subtractions remains similar as shown in Fig. 4.12 - this is more important to
investigate the phase behavior of the Cottrell atmosphere as a function of temperature.
4.2 Small Angle Neutron Scattering Results
The reduction procedure for the CG-2 general purpose SANS diffractometer is presented
here. The SANS responses were recorded with 2D 3He position-sensitive detector and con-
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verted into the intensity versus neutron wave vector transfer Q through radial average rou-
tine. The measured differential macroscopic scattering cross section is given by
(
dΣ
dΩ
)
(Q) =
dS
dSTD
TSTD+CTatt,STD
TS+C
(
dΣ
dΩ
)
STD
1
ISTD
[
(ISS − IBGD)−
TS+C
TO+C
(IO − IBGD)
]
(4.1)
where d is the thickness, I is the measured intensity corrected for the detector sensitivity, and
T is the measured transmission coefficient. The subscript S is the sample loaded with solute,
O is the outgassed sample, C is the cryostat with single crystalline sapphire windows, STD
is the calibrated standard sample, att is the attenuator placed in the beam, BGD is the dark
current measurement with blocked neutron beam. A disc of Porasil-A, 0.1 cm thick, was
used for the calibrated standard sample. An beam attenuator was inserted when ISTD was
obtained, which resulted in Tatt,STD of 0.33. All the transmission coefficients are presented
in Table 4.1. The measured transmission coefficients significantly fluctuated : in the case
of PdH0.00134, the deviations at 15 K, 100 K, and 200 K were 2.31σ, -1.49σ, and -0.82σ,
respectively. If the transmission coefficient follows a normal distribution, the probability
that the deviation is larger than ±2σ is only 4.6 %. The probability for the deviation
larger than ±1σ is 31.8 %. As mentioned in Chapter 3.4, the transmission coefficients were
counted for 120 second and longer counting time could improve the counting statistics for
more accurate transmission coefficient measurement.
Fig 4.13 shows a typical SANS response recorded on the 2D position sensitive detector.
An extraordinary background intensity near the outer edge of the detector was observed
in all the SANS measurements as shown in Fig. 4.13. This background is attributed to
neutrons scattered by ambient air and bypassing the Cd masks. This spurious scattering
was also interfered and altered by the shadow of the sapphire windows placed in the cryostat.
Eq. 4.1 was used to convert measured neutron intensities into absolute cross sections.
Fig. 4.14 through 4.18 show the measured absolute scattering cross sections versus Q for the
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Figure 4.13: SANS response recorded in 2D detector showing the Cd mask edge and the sap-
phire window shadow : due to the air scattering, spurious intensity was monitored between
0.12 Å−1≤Q≤0.18 Å−1
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Figure 4.14: Measured absolute scattering cross sections of PdH0.00134 (solid-circle) and
outgassed Pd (square) at 15K
Figure 4.15: Measured absolute scattering cross sections of PdH0.00134 (solid-circle) and
outgassed Pd (square) at 100K
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Figure 4.16: Measured absolute scattering cross sections of PdH0.00134 (solid-circle) and
outgassed Pd (square) at 200K
Figure 4.17: Measured absolute scattering cross sections of PdD0.000835 (solid-circle) and
outgassed Pd (square) at 15K
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Figure 4.18: Measured absolute scattering cross sections of PdD0.000835 (solid-circle) and
outgassed Pd (square) at 100K
deformed sc-Pd at the temperature. Due to the spurious background, the measured cross
sections between 0.12 Å−1≤Q≤0.18 Å−1 do not converge to the flat incoherent cross section
of Pd, which is independent of the neutron wave vector transfer Q. The data reduction
routine , however, treated this background properly for the net cross section measurements.
The net cross section is defined as the difference in absolute scattering cross section between
the same deformed sample with and without solute loading. This quantity arises from the
spatial contrast generated between Pd matrix and the trapped solute near dislocation. The
scattering responses for the deformed PdD0.000835 sample are barely distinguishable from
ones for the outgassed Pd sample, whereas the PdH0.00134 apparently has the high scattering
responses. Thus the net cross sections for the with-deuterium sample does not provide
confirmative measures to characterize the solute-dislocation interaction.
The weak net scattering response for the with-deuterium sample is attributed to the
contrast in the neutron scattering length density between the Pd bulk sites and the deuterium
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Figure 4.19: A schematic diagram of contrast in neutron scattering length density
trapped near dislocation. Fig. 4.19 shows a schematic diagram of the contrast made by
dislocation, hydrogen trapped near dislocation, and deuterium trapped near dislocation.
Volume dilatation caused by the dislocation locally lowers the number density of Pd, which
results in the contrast between dislocation and the bulk sites. When the hydrogen with
negative neutron scattering length goes into the trapping sites near dislocation, it leads
to lowering the neutron scattering density. Deuterium with positive neutron scattering
length, however, starts filling in the dislocation contrast and eventually raises the local
neutron scattering length density near dislocation at high concentration. Therefore, the
with-deuterium sample at low deuterium concentration did not create significant contrast,
which led to the weak net scattering response. A successful measurement at higher deuterium
concentration (0.0075 [D]/[Pd]) was represented by Heuser and King [36].
Fig. 4.20 through 4.22 show the net cross sections versus Q for the deformed sc-Pd with
hydrogen loading in natural logarithm-natural logarithm (ln-ln) form. Based on Eq. 2.18,
the dislocation corresponds relatively to the infinitely long and straight defect, which has
scattering response of 1/Q [36]. The solid line in Fig 4.20 through 4.22 represents the best fit
in ln-ln form. Its slope is approximately of -1, dΣ
dΩ
∝ Q−1, which is expected in the infinitely
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Figure 4.20: Net cross section between PdH0.00134 and outgassed Pd at 15K with the best
fit (solid line)
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Figure 4.21: Net cross section between PdH0.00134 and outgassed Pd at 100K with the best
fit (solid line)
63
Figure 4.22: Net cross section between PdH0.00134 and outgassed Pd at 200K with the best
fit (solid line)
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long straight distribution of hydrogen trapped along dislocation [36]. A refinement of this
simple model is presented in Chapter 5.
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Chapter 5
Discussion of Results
Discussion of the IINS and the SANS results is presented in this chapter. The discussion will
begin with the phase behavior of the trapped hydrogen in the deformed pc-Pd samples upon
cooling, resulting from fitting the measured VDOS spectra at temperature with Gaussian
functions. The trapping parameters obtained from the best fit of the SANS measurements
will be correlated with the IINS results through the estimation of the local hydrogen con-
centration along dislocation at temperature.
5.1 Vibrational Density-of-States from
Hydrogen-Hydrogen Interactions at Trapping Sites
The VDOS spectra for the deformed Pd with the hydrogen concentration of 0.00134 [H]/[Pd]
was obtained using FANS and corrected after the background subtraction. Fig. 5.1 through
5.4 shows the normalized VDOS of hydrogen in the deformed Pd at 4 K, 100 K, 200 K,
and 295 K with the best fit. Individual VDOS spectrum was fit with a Gaussian model
consisting of lower energy shoulder, the hydrogen-rich phase (for simplicity, called β-phase),
the solid-solution phase (α-phase), and higher energy shoulder. The locations (E), intensities
(I), and width (σ) of the peaks are listed in Table 5.1.
The IINS measurements of the deformed PdH0.00134 were performed with ARCS - nor-
malized to the total incident neutron flux and corrected for the detector efficiency by a
vanadium standard measurement. Fig. 5.5 shows direct comparison between the normalized
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Figure 5.1: Measured VDOS for the deformed pc-Pd after background subtraction at 4K
with the best fit (solid-line)
Figure 5.2: Measured VDOS for the deformed pc-Pd after background subtraction at 100K
with the best fit (solid-line)
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Figure 5.3: Measured VDOS for the deformed pc-Pd after background subtraction at 200K
with the best fit (solid-line)
Figure 5.4: Measured VDOS for the deformed pc-Pd after background subtraction at 295K
with the best fit (solid-line)
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Figure 5.5: Comparison between normalized net VDOS spectra of PdH0.00134 obtained at
ARCS (thick, solid line) and FANS (thin, dashed line) : a) the VDOS spectrum recorded at
5 K with ARCS and at 4 K with FANS and b) both spectra at 295 K
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net VDOS spectra of the deformed PdH0.00134 obtained at ARCS (thick, solid line) and FANS
(thin, dashed line). This comparison is a key to eliminate the uneven background intensity
shown in Fig. 4.3 through 4.6, which is attributed to the Be-phonon excitations in the filter
analyzer [72]. The spurious peak corresponding to the α-phase was observed in the VDOS
at low temperature obtained from FANS, which is difficult to determine whether the peak is
real or not. The VDOS with significantly improved statistics, obtained at ARCS, identified
this peak as an artificial spike. As shown in Fig. 4.3, this spurious intensity is attributed
to the uneven intensity between 67 meV and 78 meV in the background measurement at
FANS ; the uneven background intensity was added onto the relatively flat intensity of the
foreground measurement within the same energy transfer range to become the peak-like in-
tensity in the net IINS spectrum. In addition, the lower energy shoulder intensity observed
in the FANS measurements is also accounted for by the uneven background contribution
to the net IINS spectrum. These spectra from two different instruments were in general
agreed with each other - the primary peaks appear at the same location and the width of the
primary peak is approximately the same. Thus the comparison between the VDOS spectra
obtained at FANS and ARCS confirms that the best fit results for the primary peaks of the
VDOS obtained at FANS are still valid.
The primary peak in the VDOS spectra at the lowest temperature (4 K at FANS and
5 K at ARCS) is associated with β-phase, exhibiting high-energy shoulder associated with
nearest-neighbored hydrogen-hydrogen interaction. As the temperature goes up from 4 K
to 100 K, there are subtle but meaningful changes in the intensities of the peaks ; 1) the
normalized intensity of β-phase at 4 K changed from 0.3416 to 0.29760, which decreased by
12.88 %. 2) the normalized intensity of higher energy shoulder also decreased by 22.22 % in
the normalized intensity. The peak broadening in both peaks was also observed. This could
be due to temperature effect on the vibrational excitations since increasing temperature leads
to larger displacements of Pd than at 4 K, which spreads the possible vibrational excitations
of hydrogen. The reduced peak intensity associated with the β-phase is possibly attributed
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to the loss of the trapped hydrogen concentration within the Cottrell atmosphere. Existence
of the α-phase was observed but this is possibly attributed to the uneven background as well
as the 4 K measurement - the same peak intensity and the similar sharp peak width.
In the VDOS spectrum at 200 K from FANS, the intensity of β-phase and higher energy
shoulder decreased further as increasing temperature from 100 K to 200 K. The normalized
intensity of α-phase significantly increased from 0.05029 at 100 K to 0.08867 at 200 K by
290.6 %. The remarkable change in the peak width was also observed as from 1.9830 meV
at 100 K to 6.9830 meV at 200 K. These significant changes in the peak intensity and peak
broadening of the β-phase could be explained by the phase transformation ; the substantial
portion of the trapped hydrogen at dislocations escaped from the hydrogen-rich (β) phase
region to form the relatively dilute (α) phase near or even within the Cottrell atmosphere as
increasing temperature from 100 K to 200 K. Thus the VDOS at 200 K is possibly a mixed
spectrum of α- and β- phases.
From 200 K to 295 K, the change in the primary peak became dramatic : only the
peak of α-phase appears as the primary peak, which consists of narrow and broad α-phase
peaks. The total hydrogen concentration was 1340 [H]/[Pd] appm and this results in the
solid-solution α-phase at room temperature. The narrow portion of the primary peak has
the standard deviation of 2.45 meV and this implies that the vibration associated with this
narrow peak has the well established degeneracy. Thus this peak may be attributed to
hydrogen vibrational excitation at the Pd bulk sites. Yet the broad portion of the primary
peak deserves to more discussion : 1) the relatively lower peak energy indicates softening the
vibrational energy due to the lattice dilatation of Pd that is possible for the dislocation strain
field, 2) the intensity ratio between the broad and narrow portion of the primary peak results
in ER of 3.95 alike the measured ER of 2.22 for FANS measurements and the measured ER
of 2.59 for ARCS measurements, 3) and the significantly large standard deviation could be
attributed to the broken cubic symmetry of hydrogen vibration at dislocation core and strain
sites.
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Figure 5.6: Comparison of all the measured VDOS for the deformed pc-Pd with the best fit
(solid-line)
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Figure 5.7: a) Comparison of the deformed PdH0.63 spectrum at 4 K (thin, solid line) to
the deformed PdH0.00134 spectrum at 4K and b) comparison of the fully annealed PdH0.015
spectrum at 295 K (thin, solid line) to the deformed PdH0.00134at 295 K.
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Figure 5.8: a) Comparison of the deformed PdH0.63 spectrum at 4 K (thin, solid line) to
the deformed PdH0.00134 spectrum at 5 K (thick, solid line) and b) comparison of the fully
annealed PdH0.015 spectrum at 295 K (thin, solid line) to the deformed PdH0.00134at 295 K
(thick, solid line).
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Fig. 5.6 presents the comparison of the VDOS spectra at temperature, with the offset
onto the spectra at 100 K, 200 K, and 295 K. Both of the VDOS spectra obtained at 4
K and 100 K have the asymmetric primary peak located at ∼57 meV with subtle change
in the intensity, showing high-energy shoulders, whereas the primary peak in the VDOS
spectrum obtained at 295 K is located at ∼68 meV. The VDOS spectrum obtained at 200
K shows the mixed state of 4 K and 295 K spectra. As shown in this comparison, the
shift in the primary peak was apparently observed as temperature changed from 4 K to 295
K. This shift is associated with the phase transformation at the distorted environment of
dislocations as reported by Heuser et al. [49]. For better comparison, the VDOS spectra
for PdH0.63 (β-phase) and fully annealed PdH0.015 (α-phase) obtained at 4 K and 295 K,
respectively, were taken from Heuser el al. [49] and plotted with the VDOS for the deformed
PdH0.00134, shown in Fig. 5.7 and 5.8. The VDOS of the PdH0.63 at 4 K has merely the
peak associated with the β-phase, not exhibiting the noticeable intensity of lower energy
shoulder. In both comparison to the PdH0.63 at 4 K, the peak width of the β-phase in the
deformed PdH0.00134 is significantly larger than in the PdH0.63. This indicates the loss of the
degeneracy due to the distorted dislocation environment and simultaneously demonstrates
that the β-phase forms within the Cottrell atmosphere upon cooling. The relatively stronger
intensity of higher energy shoulder in the VDOS of the PdH0.63 was also noticeable since
the higher hydrogen concentration of PdH0.63 could accommodate more hydrogen-hydrogen
interaction. The VDOS spectra of cold-worked and well-annealed PdH0.008 was measured at
room temperature [60]. The spectrum of the deformed PdH0.008 was identical to the well-
annealed PdH0.0080 (α-phase), showing a slight peak broadening attributed to a possible loss
of degeneracy. Thus the VDOS spectrum of the PdH0.015 solely represents the α-phase since
the Pd sample used for this IINS measurement was fully annealed. The comparison between
the VDOS spectra of the deformed PdH0.00134 and the fully annealed PdH0.015 confirms the α-
phase at 295 K and this is a solid proof to the phase transformation of the trapped hydrogen
at the distorted dislocation environment.
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Theoretical calculation for the VDOS of the deformed PdH0.0013 was performed by Trinkle
et al [76, 77]. Based on statistical thermodynamic calculation, occupancy of hydrogen at
dislocation cores and strain sites in Pd loaded to the hydrogen concentration of 0.0013
were integrated with dislocation density of 1011 cm−2 [77]. Fig. 5.9a shows the integrated
occupancy of hydrogen at temperature. The dislocation cores are energetically most favored
and preferentially occupied. Then the volumetric strain sites are occupied in turn. The
integrated occupancy xH reaches to 1.3×10−3 when all the hydrogen is counted. At 0 K, the
Cottrell atmosphere with a sharp edge at radius of 7.9 Å is formed, which is 4 Burgers vector
of edge dislocation in Pd. As temperature goes up, the Cottrell atmosphere spreads away
from the core and hydrogen can be significantly populated to the zero strain sites at 200
K. At 300 K, the occupancy for hydrogen noticeably decreases at the core and extensively
spreads to the zero strain sites with decreased occupancy around the dislocation as well.
Ab initio density − functional theory (DFT ) was employed to compute the potential
energy for a hydrogen in the core of a partial dislocation and at different volumetric strains
[76, 77]. The VDOS for hydrogen at the core, +5 % strain, and zero strain sites were
calculated from the DFT calculation, shown in Fig. 5.9b. At the core sites, the cubic
symmetry of hydrogen vibration is broken and thus the loss of the degeneracy was observed.
The degenerated energy is split into three different energies as shown in Fig 5.9b. On the
other hand, the VDOS for hydrogen at +5 % strain sites results in the lower energy (∼8
meV lower) of the primary peak than at zero strain sites due to larger spacing of the strain
sites. This calculation clearly demonstrates the negligible temperature effect on the peak
shift associated with thermal expansion, while the dilation possible for the strain field and
the phase transformation leads to significant change in the vibrational energy. Based on
the integrated occupancy for hydrogen and the VDOS at individual site, the VDOS for the
PdH0.0013 was predicted with temperature [77]. Fig. 5.10a shows the predicted VDOS for
PdH0.0013 and Fig. 5.10b is the comparison between the predicted and the measured VDOS
from FANS at temperature. For this direct comparison, the intensity of the predicted VDOS
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was scaled accordingly to the measured and the energy was also moved down by ∼ 20 meV.
The difference between the primary peak positions at 0 K and 300 K in the predicted VDOS
is ∼ 9 meV, which is comparable to ∼12 meV in the measured. Even though the predicted
VDOS was calculated with one hydrogen atom in the Cottrell atmosphere and thus it led to
lack of hydrogen-hydrogen interaction, the predicted spectra followed the measured VDOS.
At 295 K and 200 K, the predicted VDOS generally matches the measured VDOS. On the
other hand, discrepancy between the predicted and the measured VDOS at 4 K and 100 K
is observed and this could cause the discrepancy on the lower energy shoulder at 200 K as
well. It is concluded that the hydrogen-rich phase is formed upon cooling and the hydrogen-
hydrogen interaction found in the hydrogen-rich phase must be considered to fully predict
the VDOS for hydrogen in the deformed Pd.
It is impossible that the β-phase is the dominant peak in the hydrogen concentration of
0.00134 even at 4 K, based on lever rule : the percent weight of the β-phase must be at most
0.21 % (= 0.00134
0.63
), whereas the α-phase be at least 99.79 % (= 0.63−0.00134
0.63
). The primary peak
in the measured VDOS at 4 K, however, is the one associated with the β-phase, which reveals
the phase behavior of the trapped hydrogen in the distorted environment of dislocations.
Upon cooling, the phase transformation confirmed by the primary peak shift and existence
of the higher energy shoulder associated with the hydrogen-hydrogen interaction are solid
proof to the formation of the hydrogen-rich phase through condensation within the distorted
dislocation environment.
5.2 Hydrogen-Dislocation Interactions
Net cross sections for the deformed sc-Pd sample were obtained after the SANS data reduc-
tion routine. As discussed in Chapter 4.2, it was confirmed that the distribution of hydrogen
trapped at dislocations is shaped as an infinitely long straight cylinder decorated with hy-
drogen [36]. Based on Eq. 2.19, the radius of Cottrell atmosphere, R0, was determined. In
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Figure 5.11: ln
(
d
∑
dΩ
×Q
)
vs. Q2 plot of net cross sections for deformed PdH0.00134 to
determine R from the slope at 15 K (circle), 100 K (square, offset +1), and 200 K (rhombus,
offset +2) with the best fit (solid line)
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the modified Guinier plot of ln
(
d
∑
dΩ
×Q
)
vs. Q2 (cf. Guinier plot, ln
(
d
∑
dΩ
)
vs. Q2), the
net cross section has a linear response at the high Q region, where the Guinier term becomes
significant. In this modified Guinier plot, the radius is given from the slope, −R
2
0
4
, of the
linear fit. Fig. 5.11 shows the net cross section measurements with the best fit at 15 K, 100
K, and 200 K in ln
(
d
∑
dΩ
×Q
)
vs. Q2 form. The slope and the overall net cross section at
15 K and 100 K are nearly identical, while the slope at 200 K is comparatively gentle.
Based on Eq. 2.16, the net cross sections were analytically fit in ln-ln form with the
radii given from the slope fit results. The solid lines shown in Fig. 5.12 are the best fits of
Eq. 2.16. All the net cross sections exhibit the roll-over in low Q region, which represents
the finite size effect of a cylinder. Thus the length of the cylinder was determined from the
analytic model fit as well as the pre-factor of Eq. 2.16,
2
(
piR2
)2
ρd
[
bPd
NPd
fb
− bPd
NPd
fd
+ bHNPdCb − bHNPdCd
]
In this pre-factor, only unknown parameter is dislocation density since the local trapping
concentration near dislocation (Cd) is given by Eq. 2.17 as a function of dislocation density.
The volume expansion coefficients, fb and fd, at the bulk and the dislocation sites were
obtained from the results of Ab initio calculation [78], in which the local volumetric strains
at edge dislocation core sites were calculated with the method of Hartley and Mishin [79].
The local volumetric dilatation value is - ∆V/V = 0.089 when one hydrogen atom is placed
at an edge dislocation core and ∆V/V = 0.025 when one hydrogen atom is placed at the
first nearest-neighbor octahedral (1st NN Oct.) site in the bulk. Since the volumetric strain
of the 1st NN Oct. site is local, the global effect of this occupancy on the volume expansion
should be considered. If hydrogen occupies the octahedral sites in Pd and the hydrogen
concentration at the bulk sites is uniformly distributed, the volume expansion coefficient at
the bulk site is estimated as fb = 1.00001 ≈ 0.025× 14
fcc cell
oct. sites
×4 Pd
fcc cell
× ∼ 0.0005 [H]
[Pd]
. Thus
the dislocation density is directly solved by an algebraic equation based on Eq. 2.16 with
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Figure 5.12: Net cross section measurements for deformed PdH0.00134 at 15 K (circle), 100
K (square, offset +1), and 200 K (rhombus, offset +2) with the best fit (solid line)
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the pre-factor - the pre-factor is given from the analytical model fit on the net cross section
measurement. The ER at temperature, however, could vary since the bulk concentration
determined by the equilibrium gas pressure is temperature-dependent. The inherent error
(0.25 % of full scale - 1 Torr) of Baratron used for the pressure observation resulted in the
ER error of 0.05 and 0.03 for hydrogen and deuterium gas, respectively. The difference in the
ER error for each gas is attributed to the gas-specific enthalpy and entropy [69] - the higher
equilibrium pressure for deuterium gas has the equivalent bulk concentration to hydrogen
gas. Thus the lower equilibrium hydrogen pressure was perturbed more by the inherent error
of Baratron, resulting in the larger ER error.
The ER measured at 295 K was used for calculating the dislocation density at 200 K.
Based on the dislocation density obtained at 200 K, iterative calculation for the dislocation
density was performed by slightly changing the ER. The dislocation trapping parameters
from the best fitting results are listed in Table 5.2. In order to check if this analytical cal-
culation gives physically reasonable parameters, the net cross section measured by Heuser
and King [36] was taken and reanalyzed with this method. The dislocation density obtained
from this analysis was approximately 1.2×10−11 cm−2 for both of PdH0.00134 and PdD0.000835,
which was expected since the level of the deformation in the sc-Pd sample must remain
constant. This dislocation density is also comparable to other measurements, 1.28×10−11
cm−2 [36] and 1.2×10−11 cm−2 [64]. The finite length of the dislocation decorated with
hydrogen/deuterium was also fit with Eq 2.16. Due to the weak net scattering response of
PdD0.000835 sample, the dislocation length obtained for the with-D sample is unreliable. The
number of trapped hydrogen/deuterium per Å of dislocation line were estimated. Approx-
imately 3 H(D) atoms per Å is consistent with the calculated value of 2.6 H atoms per Å
[66].
The radial profile obtained from the slope fit in modified Guinier plots deserves to more
discussion. As predicted in Fig. 5.9a, the radius of Cottrell atmosphere is expected to change
significantly from 100 K to 200 K, compared to the change in the radius from 0 K to 100 K. In
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the case of PdH0.00134, the radius obtained at 100 K is practically identical to the radius at 15
K. From 100 K to 200 K, the measured radius decreased from 8.9 Å to 8.5 Å. The integrated
occupancy at 200 K could explain this radial decrease. Flat occupancy distribution over the
strain sites leads to slight change in the hydrogen concentration. The concentration difference
between the Cottrell atmosphere and the bulk sites becomes insignificant. As discussed in
Eq. 2.13 and 2.16, the neutron scattering contrast of the Cottrell atmosphere to the bulk
sites is determined by the concentration difference. Thus the radius obtained from neutron
scattering could be reduced by extended occupancy distribution of hydrogen at 200 K.
Compared to the radius obtained, its uncertainty is substantially large and the radial change
is insignificant. Specifically, the radius measured with PdD0.000835 has even larger uncertainty
due to the weak net scattering response as shown in Fig. 4.17 and 4.18. In addition, this
length scale obtained from the SANS measurements is possibly attributed to the partial
dislocation spacing. Therefore it is difficult to determine whether the change in the radius
caused by cooling represents the temperature effect on the trapped hydrogen/deuterium
interacting with dislocations.
The trapped hydrogen concentration predicted in the integrated occupancy of the hy-
drogen trapped near or at dislocation cores was 576 appm [H]/[Pd], which is comparable
to the estimated concentration from the ER measurements, ∼500 appm [H]/[Pd]. The ana-
lytical model fit provides the dislocation trapping parameters - the dislocation density, the
local concentration, the dislocation length, and the H(D) per unit length of dislocation as
listed in Table 5.2. The solute concentration trapped locally at the Cottrell atmosphere was
introduced - the total trapped solute concentration obtained from the ER measurement is
divided by the volume fraction of the Cottrell atmosphere to the volume of the deformed
sc-Pd sample, given by
Cd =
Ctrap
Nd (piR2L) /VPd
=
Ctrap
piR2ρd
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where Nd is the total number of dislocations in the deformed sc-Pd and VPd is the Pd sample
volume. The local concentration trapped at dislocation, Cd, given from the analytical model
fit is more important to investigate the hydrogen-dislocation interaction. The local con-
centration in the SANS analytical model (Eq. 2.16) represents the averaged concentration
within the Cottrell atmosphere as a cylinder with uniform solute distribution. All the local
concentration values for PdH0.00134 and PdD0.000835 at each temperature are listed in Table
5.2. The local concentration exceeds the solid solution regime even at such low concentration
- the solid solution regime extends up to [H]/[Pd] = ∼0.01 at the room temperature and it
is lower at lower temperature, shown in Fig 1.1a. The local concentration obtained at 200
K is even beyond the solid solution regime and this proves existence of the hydrogen-rich
phase up to 200 K. This is consistent with the VDOS result - the characteristic peak as-
sociated with the hydrogen-rich phase appeared in the VDOS spectra at 4 K through 200
K and the phase transformation was observed from 200 K to 295 K. Thus the correlation
between the local concentration from the SANS measurements and the VDOS spectrum
analysis from the IINS measurements discloses the temperature effect on the trapped hydro-
gen/deuterium interacting with dislocations and elucidates the phase behavior at distorted
dislocation environment as a function of temperature.
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Chapter 6
Conclusion
The temperature-dependent phase behavior of the Cottrell atmosphere in the deformed Pd
was successfully investigated by correlating the spatial and the vibrational characterization
of the trapped solute at dislocations. In this study, the characteristic VDOS peaks associated
with the Pd hydrides (α- and β- or α′- phases) were obtained as temperature changed and
compared to the IINS measurements of the known α- and β-phases and the computational
results. The direct measurements of the local concentration trapped at dislocations were
performed by the SANS experiments. These complementary experimental methods disclosed
the phase behavior of the trapped solute within the distorted dislocation environment as a
function of temperature. The conclusions of this study and suggestions for future research
are presented in this chapter.
1) The characteristic dislocation morphologies differentiated by the deformation meth-
ods (cold-rolled and cycled) were investigated by the TEM analysis. The cold-rolled Pd
samples in the as-received condition exhibited the well-defined dense cellular dislocation
structure as expected. On the other hand, the uniform dislocation structure established
within the cell blocks was observed in the cold-rolled and cycled Pd samples. Yet it is not
clear whether the morphological change could affect on the interaction of the the trapped
solute with dislocation. In addition, the effect of the cycling procedure on the preexisting
cellular dislocation is still unknown. In this study, the trapped solute behavior at the Cot-
trell atmosphere attributed to different dislocation morphologies was not investigated. More
detailed and well-controlled experimental works would be necessary to reveal the cycling ef-
fect on the preexisting cellular dislocation structure and the relation between the dislocation
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morphology and the Cottrell atmosphere.
2) The phase transformation of the trapped hydrogen at dislocations was directly ob-
served by the IINS measurements. As the temperature changed from 4 K to 295 K, the
primary VDOS peak position (∼57 meV) of the deformed PdH0.00134 associated with the β-
phase was shifted to the characteristic α-phase peak (∼68 meV). The spurious peak observed
at the VDOS at 4K from FANS, accidentally corresponding to the α-phase, was explained
as an artificial peak after compared to the VDOS of the deformed PdH0.00134 at 5 K from
ARCS. The phase behavior of the Cottrell atmosphere was also observed at 100 K and 200
K. The overall VDOS spectrum at 100 K was nearly matching with the one at 4 K, except
showing the reduced intensity of the β-phase peak and the peak broadening. The reduced
peak intensity of the β-phase is possibly attributed to the loss of the trapped hydrogen
within the Cottrell atmosphere from 4 K to 100 K. The peak broadening may be accounted
for due to the temperature effect on the vibrational excitations. These changes were also
observed in the VDOS spectrum obtained at 200 K and the α-phase peak intensity signif-
icantly increased in return. The significant peak broadening of the β-phase was observed
at 200 K. These significant changes in the peak intensity and peak broadening of the α-
and β-phases could be explained by the phase transformation at the Cottrell atmosphere.
The integrated occupancy of hydrogen at temperature, based on statistical thermodynamic
calculation, explicitly demonstrates that the trapped hydrogen close to the core region could
spread out into the lower strain field and even be populated in the strain-free region. It
is reasonable to assume that the substantial hydrogen concentration were discharged from
the hydrogen-rich phase region to form the relatively dilute phase near or even within the
Cottrell atmosphere as increasing temperature from 100 K to 200 K.
3) The local solute concentration trapped within the Cottrell atmosphere was additionally
considered in the analytical SANS model. The local solute concentration trapped at the
Cottrell atmosphere was introduced into the refined model and obtained from the prefactor
of the best fit based on this model - The local solute concentration was the key to confirming
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the phase behavior observed by the IINS measurements. The volume expansion coefficient
in the Pd bulk sites was also considered for the SANS analytical model due to existence of
the solute atoms in the bulk sites. The volume expansion coefficients were obtained from the
results of the Ab initio calculation - the local expanded volumes were calculated when one
hydrogen atom was placed in the edge dislocation core sites and the octahedral sites. These
considerations into the SANS model are expected to better describe the Cottrell atmosphere.
4) The direct measurements of the spatial profile and the local solute concentration of
the Cottrell atmosphere were performed by the SANS experiments. Based on the modified
analytical model, the dislocation trapping parameters and the local solute concentration
at temperature were obtained. The Cottrell atmosphere radius of ∼9 Å was obtained as
well as the dislocation length of ∼50 Å. The change in the radial extent upon cooling was
insignificant due to large uncertainty in the radius measurement and the effect of partial
dislocation spacing. The local concentration exceeding the solid-solution regime ([H]/[Pd]
= ∼0.01 at the room temperature) even at 200 K, however, supportively confirmed the
phase behavior of the Cottrell atmosphere. Thus the SANS measurement with the identical
sample at 295 K should be a critical proof to the phase transformation observed in the IINS
measurements.
5) The VDOS spectra and the spatial extent of the Cottrell atmosphere were compared
to the computational results from the Ab initio calculation. The predicted VDOS for the
PdH0.0013 was obtained with temperature. For the direct comparison, the intensity of the
predicted VDOS was scaled accordingly to the measured VDOS for the PdH0.00134and the
energy was also moved down by ∼ 20 meV. The difference between the primary peak posi-
tions at 0 K and 300 K in the predicted VDOS was comparable to the measured. The strong
dispersion observed in the hydrogen-rich phase is attributed to the hydrogen-hydrogen inter-
action. The predicted VDOS generally followed the measured , whereas discrepancy between
the predicted and the measured VDOS at 4 K and 100 K was observed due to the lack of
hydrogen-hydrogen interaction in the computational work. The integrated occupancy of hy-
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drogen at dislocation cores and strain sites in Pd loaded to the hydrogen concentration of
0.0013 was calculated with the dislocation density of 10−11 cm−2. This occupancy distribu-
tion explicitly illustrated the energetically most favored sites of the Cottrell atmosphere at
temperature. The total concentration of the hydrogen trapped near or at dislocation core
was estimated as ∼500 appm [H]/[Pd] by the ER measurements and it was comparable to
the calculated concentration at core, 576 appm [H]/[Pd]. The spatial extent of the Cottrell
atmosphere at temperature was also visualized through the occupancy distribution resulting
in the hydrogen concentration profile - the hydrogen concentration determined the neutron
scattering contrast. The comparison between the predicted and the measured spatial char-
acterization of the Cottrell atmosphere led to the conclusions ; the radius measured at 4 K
and 100 K was nearly identical as predicted and the extended occupancy distribution at 200
K could lead to the reduced neutron scattering contrast at the outer edge of the Cottrell
atmosphere, which resulted in the slightly reduced radius at 200 K. The dramatic change in
the integrated occupancy at 300 K could be observed when the SANS measurement on the
identical sample at 295 K is available.
In this study, two different experimental approaches to characterize the Cottrell atmo-
sphere were presented. The vibrational characterization of the trapped hydrogen at the
distorted dislocation environment was accomplished by the IINS measurements - the phase
behavior of the Cottrell atmosphere was investigated as a function of temperature and the
phase transformation from the α-phase to the β-phase upon cooling was observed. The
spatial characterization of the Cottrell atmosphere from the SANS measurements at tem-
perature led to estimating the local solute concentration trapped at the Cottrell atmosphere.
Correlation between the vibrational and the spatial characterization of the Cottrell atmo-
sphere complimentarily confirmed the condensation of the trapped solute atoms at disloca-
tions. This combination of the spatial characterization with the the VDOS measurements
successfully revealed the distinct phase behavior of the Cottrell atmosphere in the distorted
dislocation environment as a function of temperature.
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